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A  pandemic  influenza  preparedness 
study:  Use  of  energetic  methods  to 
decontaminate  filtering  facepiece 
respirators  contaminated  with  MINI 
aerosols  and  droplets 

Brian  K.  Heimbuch,  MS,^  William  H.  Wallace,  PhD,®  Kimberly  Kinney,  BS,®  April  E.  Lumley,®  Chang-Yu  Wu,  PhD,*’ 
Myung-Heui  Woo,  MS,*’  and  Joseph  D.  Wander,  PhD'’ 

Panama  City  and  Gainesville,  FL 


Background:  A  major  concern  among  health  care  experts  is  a  projected  shortage  of  N95  filtering  facepiece  respirators  (FFRs)  during 
an  influenza  pandemic.  One  option  for  mitigating  an  FFR  shortage  is  to  decontaminate  and  reuse  the  devices.  Many  parameters, 
including  biocidal  efficacy,  filtration  performance,  pressure  drop,  fit,  and  residual  toxicity,  must  be  evaluated  to  verify  the  effec¬ 
tiveness  of  this  strategy.  The  focus  of  this  research  effort  was  on  evaluating  the  ability  of  microwave-generated  steam,  warm  moist 
heat,  and  ultraviolet  germicidal  irradiation  at  254  nm  to  decontaminate  FllNl  influenza  virus. 

Methods:  Six  commercially  available  FFR  models  were  contaminated  with  MINI  influenza  virus  as  aerosols  or  droplets  that  are 
representative  of  human  respiratory  secretions.  A  subset  of  the  FFRs  was  treated  with  the  aforementioned  decontamination  tech¬ 
nologies,  whereas  the  remaining  FFRs  were  used  to  evaluate  the  FllNl  challenge  applied  to  the  devices. 

Results:  All  3  decontamination  technologies  provided  >4-log  reduction  of  viable  MINI  virus.  In  93  %  of  our  experiments,  the  virus 
was  reduced  to  levels  below  the  limit  of  detection  of  the  method  used. 

Conclusions:  These  data  are  encouraging  and  may  contribute  to  the  evolution  of  effective  strategies  for  the  decontamination  and 
reuse  of  FFRs. 

Key  Words:  Disinfection;  reuse;  infection  control;  microwave;  respirator;  steam;  UVGl;  virus. 
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Pandemic  influenza  outbreaks  historically  occur  ev¬ 
ery  40-50  years  and  have  caused  millions  of  deaths 
worldwide.*'^  After  the  Hong  Kong  flu  pandemic  of 
1968,  experts  predicted  that  another  pandemic  was  im¬ 
minent.  Their  fears  were  realized  in  the  spring  of  2009 
with  the  onset  of  the  HlNl  influenza  pandemic.^  '*  On 
June  11,  2009,  the  World  Health  Organization  (WHO) 
raised  the  pandemic  alert  level  to  Phase  6,  announcing 
that  a  pandemic  was  underway  and  declaring  the  need 
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for  a  global  response  and  mitigation.  In  their  August 
2010  update,  the  WHO  reported  HlNl  infections  in 
more  than  214  countries  and  attributed  more  than 
18,449  deaths  to  HlNl  infection.^  Although  this  out¬ 
break  proved  to  be  less  severe  than  earlier  pandemics, 
it  was  sufficiently  similar  to  previous  pandemics  to 
merit  concern.  Although  it  is  not  certain  that  the  cur¬ 
rent  HlNl  strain  will  mutate  into  a  more  virulent  strain, 
health  care  workers  (HCWs)  are  taking  the  possibility 
very  seriously, 

A  primary  respiratory  barrier  used  to  protect  HCWs 
from  airborne  infections  is  the  National  Institute  for  Oc¬ 
cupational  Safety  and  Health  (NlOSH)-approved  filtering 
facepiece  respirator  (FFR).  Although  many  types  of  these 
devices  are  available,  the  present  study  focuses  on  N95 
FFRs.  The  N95  FFR  is  rated  to  capture  >95  %  of  airborne 
particles  —0.3  pm  in  diameter  and  has  been  demon¬ 
strated  to  effectively  remove  infectious  microorganisms 
from  the  air.^  ’^  Particles  larger  and  smaller  than  0.3  pm 
are  captured  at  higher  efficiencies.  The  modes  of  human 
transmission  of  influenza  are  a  matter  of  active  debate,®  '^ 
but  data  exist  supporting  aerosol  transmission.'^  This 
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information  led  the  Occupational  Safety  and  Health  Ad¬ 
ministration  (OSHA)  and  the  Centers  for  Disease  Control 
and  Prevention  (CDC)  to  recommend  that  HCWs  wear  a 
properly  fitted  NlOSH-approved  FFR  when  treating  pa¬ 
tients  with  influenza  symptoms. "  The  CDC  estimates 
that  during  a  pandemic  lasting  42  days,  HCWs  will  re¬ 
quire  more  than  90  million  FFRs.'^  These  projections  in¬ 
dicate  a  likely  shortage  of  FFRs,  leaving  HCWs  exposed 
and  possibly  aggravating  the  severity  of  the  pandemic. 
A  proposed  solution  to  alleviate  this  shortage  is  the  de¬ 
contamination  and  reuse  of  FFRs.'^ 

FFRs  are  designated  as  “single-use”  devices  and  have 
not  been  approved  for  reuse.  Consequently,  little  data 
are  available  on  the  performance  of  FFRs  after  decon¬ 
tamination,  Many  properties  need  to  be  evaluated 
before  FFR  decontamination  and  reuse  can  be  recom¬ 
mended,  including  biocidal  efficacy,  filtration  effi¬ 
ciency,  pressure  drop,  fit,  residual  toxicity,  and  overall 
durability.  Previous  NIOSH  studies  have  found  that 
some  decontamination  technologies  do  not  degrade 
the  performance  of  FFRs,  but  that  others  (eg,  autoclav¬ 
ing)  make  FFRs  unusable.’^  ''*  To  expand  the  database 
on  FFR  decontamination,  the  Air  Force  Research  Labo¬ 
ratory  (AFRL)  led  a  study  examining  the  treatment  of  6 
commonly  distributed  FFRs  with  a  diverse  range  of  de¬ 
contaminants.  As  part  of  this  effort,  Salter  et  al‘^  per¬ 
formed  chemical  offgas  analysis  of  FFRs  after 
treatment  with  chemical  agents  or  ultraviolet  germici¬ 
dal  irradiation  (UVGI).  The  only  toxic  by-product  de¬ 
tected  was  2-hydroxyethyl  acetate,  found  on  the  FFRs’ 
rubber  straps  after  treatment  with  ethylene  oxide. 
NIOSH  also  has  performed  particle  performance  and 
fit  tests  for  the  same  6  models  using  3  energetic 
methods:  microwave-generated  steam  (MGS),  warm 
moist  heat  (WMH),  and  UVGI,  and  their  data  regarding 
particle  penetration  were  consistent  with  their  earlier 
findings  of  no  significant  effect. Fit  test  data  are 
currently  being  evaluated,  and  early  findings  Indicate 
that  fit  is  not  significantly  affected  (R.E.  Shaffer, 
personal  communication,  November  16,  2009). 

Enveloped  viruses,  such  as  HlNl,  are  less  environ¬ 
mentally  stable  than  other  microorganisms.'’^  Benedictls 
et  al,'®  in  a  review  of  the  disinfection  of  avian  Influenza 
viruses,  noted  that  many  technologies  can  effectively  in¬ 
activate  viruses.  However,  we  could  find  no  report  on  the 
decontamination  of  enveloped  viruses  in  the  presence  of 
an  FFR  carrier.  Carriers  can  impair  the  performance  of 
decontamination  technologies,  and  test  methods  have 
been  developed  to  account  for  carrier-induced  interfer¬ 
ence,''’'^^  Moreover,  many  technologies  are  unsuitable 
for  decontaminating  FFRs  due  to  the  device’s  fragility 
and  operational  use.  The  ideal  FFR  decontamination 
technology  will  preserve  performance  and  fit,  leave  no 
residual  toxicity,  and  be  fast-acting.  Inexpensive,  and 
readily  available.  Applying  these  criteria  to  a  panel  of 


Table  I.  Decontamination  methods  used  in  this  study 


Method 

Intensity/concentration 

Treatment 

time 

MGS  (with  a  water  reservoir) 

1250  W 

2  min 

UVGI  (254  nm) 

1. 6-2.0  mW/cm^ 

1 5  min 

WMH 

65'’C  ±  5°C/85%  ±  5%  RH 

30  min 

10  technologies,  we  identified  3  energetic  methods  to 
evaluate  as  candidate  decontaminants  against  HlNl  on 
FFRs:  WMH,  UVGI,  and  MGS  (Thble  1).  Our  objective  in 
the  present  study  was  to  evaluate  the  decontamination 
of  NIOSH-certlfied  FFRs  contaminated  with  HlNl  aero¬ 
sols  or  droplets  using  these  3  energetic  methods. 

The  biocidal  activity  of  microwave  energy  has  been 
well  documented;  however,  moisture  is  a  key  factor, 
given  that  microwaves  are  considered  by  some  to  be  non- 
biocidal.^^’^^  Accordingly,  the  FFR  was  positioned  above 
an  improvised  water  reservoir  during  decontamination 
(Fig  lA).  Steam  produced  from  microwave  heating  of 
the  water  is  the  primary  means  of  biocidal  activity. 
Warm  temperatures  are  not  commonly  used  for  decon¬ 
tamination;  most  applications  call  for  high-temperature 
methods.  However,  temperatures  >100°C  have  been 
shown  to  destroy  the  performance  of  FFRs'^  '^  and  can¬ 
not  be  used.  Because  viruses  are  relatively  fragile  micro¬ 
organisms,  lower-temperature  applications  are  typically 
effective.  Avian  Influenza  virus  was  shown  to  be  com¬ 
pletely  Inactivated  after  a  5-minute  treatment  at  62°C,^'’ 
but  dried  sample  preparations  displayed  reslstance.^’^ 
To  maximize  the  likelihood  of  success,  a  sealed  chamber 
containing  water  (Fig  1 B)  was  used  to  produce  high  hu¬ 
midity,  based  on  the  knowledge  that  moist  heat  is  more 
biocidal  than  dry  heat.  UVGI  has  been  shown  to  inactivate 
influenza  viruses^®'^'  and  is  endorsed  by  the  CDC  as  an 
acceptable  method  for  destroying  microorganisms  on 
surfaces.^^  Figure  1C  illustrates  the  treatment  of  FFRs 
using  UVGI, 

The  process  used  to  deposit  viruses  on  surfaces  may 
influence  the  effectiveness  of  the  decontaminant. 
Solution-based  studies  are  easy  to  perform,  but  they 
do  not  mimic  the  airborne  contamination  of  FFRs  and 
are  impractical  for  FFRs  with  a  hydrophobic  outer  layer. 
For  these  reasons,  we  developed  two  aerosol-based  test 
methods  to  apply  HlNl  influenza  virus  to  FFRs.  The  two 
methods  mimic  human  respiratory  secretions  (aerosol 
and  droplet),  and  both  were  approved  as  standards  by 
the  American  Society  for  Testing  and  Materials  Interna¬ 
tional. Because  these  methods  will  be  discussed  in 
detail  in  a  future  report,  we  provide  only  brief  descrip¬ 
tions  here.  The  key  parameters  of  each  deposition 
method  are  droplet/particle  size  and  composition, 
which  profoundly  influence  the  extent  to  which  exter¬ 
nal  factors  (eg,  proteins,  salts,  lipids)  act  to  shield  the 
HlNl  virus  from  the  decontaminant  and  provide 
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Fig  I.  Devices  for  decontaminating  FFRs.  (A)  MGS 
device  for  decontamination  of  individual  FFRs. 

(B)  Chamber  for  applying  WMH  to  FFRs. 

(C)  Decontamination  of  FFRs  using  UVGI. 

conditions  that  allow  the  virus  to  survive  in  the  environ- 
ment.^"*  The  aerosolization  medium  is  a  mucin-based 
solution  that  simulates  human  saliva.^®  Mucin,  a  com¬ 
mon  component  of  saliva,  is  known  to  provide  environ¬ 
mental  protection  to  viruses,^*^  The  count  median 
diameter  (CMD)  particle  size  was  0.8  p.m  for  the  aerosol 
method  and  15  pm  for  the  droplet  method.  The  smaller 
particle  size  was  verified  using  an  Aerodynamic  Particle 
Sizer  spectrometer  (TSI,  Shoreview,  MN),  and  droplet 
size  was  verified  with  a  Spraytec  particle  sizer  (Malvern 
Instruments,  Westborough,  MA). 

MATERIALS  AND  METHODS 
Preparation  of  H 1 N 1  virus 

Influenza  A/PR/8/34  VR-1469  (ATCC  VR-95H1N1) 
was  propagated  in  embryonic  chicken  eggs  following 


standard  protocols.^’^  Virus  titers  were  determined  us¬ 
ing  a  tissue  culture  infectious  dose  assay  (TCID50)  in 
Madin-Darby  canine  kidney  cells  (MDCK;  ATCC  CCL- 
34)  with  WHO-approved  cell  culture  techniques.^^ 

Aerosol  application  of  HlNl  to  FFRs 

The  laboratory-scale  aerosol  tunnel  (LSAT;  Fig  2)  was 
used  to  apply  HlNl  aerosols  to  the  6  FFR  models  (3  par¬ 
ticulate,  designated  P1-P3,  and  3  surgical,  designated 
SI -S3).  The  LSAT  was  designed  to  determine  the  viable 
filtration  efficiency  of  filtration  media  or  energetic  de¬ 
vices,^®  but  it  is  also  capable  of  applying  viruses  to 
FFRs.  For  each  independent  experiment,  6  replicates 
of  a  single  FFR  model  were  glue-sealed  into  6  separate 
1 5-cm-diameter  sample  holders.  A  single  FFR  was 
loaded  into  the  LSAT  and  sealed  using  compression 
seal  clamps.  HlNl  virus  was  diluted  in  30  mL  of  mucin 
buffer  [0.04  g  of  MgClz •  7  HjO,  0. 1 3  g  of  CaClz •  HjO,  0.42 
g  of  NaHCOs,  7.70  mL  of  0.2  M  KH2PO4,  1 2.3  mL  of  0.2  M 
K2HPO4,  O.llg  of  NH4CI,  0.19  g  of  KSCN,  0.12  g  of 
(NH2)2C0,  0.88  g  of  NaCl,  1.04  g  of  KCl,  and  3.00  g  of 
mucin  (M1778;  Sigma-Aldrich,  St  Louis,  MO)in  1  Lof  de¬ 
ionized  water  (pH  7)]  to  a  concentration  of  ~8  logic 
TCIDso/mL.  The  virus  solution  was  added  to  a 
6-jet  Collison  nebulizer  (BGI,  Waltham,  MA)  and  attached 
to  the  LSAT  using  compression  fittings.  The  LSAT  was  con¬ 
figured  to  direct  the  aerosol  to  the  overflow.  Compressed 
air  (30  psi)  was  applied  to  the  nebulizer,  and  the  system 
was  operated  for  10  minutes  to  bring  the  nebulizer  to 
steady  state.  The  LSAT  overflow  valves  were  readjusted 
to  direct  the  aerosol  to  the  FFR  for  10  minutes.  After  ex¬ 
posure,  the  LSAT overflow  valves  were  reconfigured  to  di¬ 
vert  the  aerosol  back  to  overflow.  The  exposed  FFR  was 
removed  from  the  LSAT  and  replaced  with  a  new  FFR. 
The  foregoing  steps  were  repeated  to  expose  5  additional 
FFRs.  The  average  flow  rate  in  the  LSAT  was  1 8-20  L/min. 
The  average  RH  and  temperature  conditions  for  all  tests 
were  75%  ±5%  and  22°C  ±  2°C. 

Droplet  application  of  HlNl  to  FFRs 

The  droplet  loader  (Fig  3)  was  used  to  simulta¬ 
neously  load  6  samples  of  a  given  FFR  model.  The  de¬ 
sign  of  the  droplet  loader  is  based  on  a  device  capable 
of  loading  large  droplet  nuclei  onto  surfaces.^'’  Six 
FFRs,  each  5  cm  from  the  edge  and  spaced  equally  rel¬ 
ative  to  the  others,  were  arranged  on  the  rotating  table 
of  the  droplet  loader.  The  door  to  the  droplet  loader  was 
sealed,  and  the  rotating  table  was  adjusted  to  a  speed  of 
3  rpm.  HlNl  influenza  was  prepared  as  described 
above  and  loaded  into  a  reservoir  that  contained  a  si¬ 
phon  tube.  The  tube  was  connected  to  the  air- 
atomizing  nozzle  (model  SA  2000;  Paasche,  Chicago, 
IL),  and  compressed  air  (3  psi)  was  delivered  to  siphon 
the  virus  into  the  nozzle.  Liquid  flow  to  the  nozzle 
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Fig  2.  The  LSAT  device  used  to  apply  aerosols  to  the  FFRs.  The  LSAT  is  fabricated  with  1 0-cm-diameter  stainless  steel 
sanitary  fittings  and  a  1 5-cm  filter  holder  to  accommodate  the  FFR.  The  biological  aerosol  is  generated  by  a  6-jet 
Collison  nebulizer.  Dilution  air,  conditioned  by  passing  the  air  through  a  humidifier,  is  added  through  the  porous  tube 
diluter,  and  charges  created  on  particles  are  neutralized  by  passage  through  a  Kr-85  sealed-source  charge  neutralizer. 
The  biological  aerosol  travels  through  the  overflow  valves  and  expands  in  the  test  duct  before  reaching  the  FFR. 


was  adjusted  to  deliver  2-3  mL/min  of  virus.  The  FFRs 
were  loaded  with  virus  as  the  table  revolved  under  the 
droplet  stream  delivered  by  the  air-atomizing  nozzle. 
After  loading  was  complete,  the  compressed  air  was 
disconnected,  and  the  chamber  was  evacuated  (1.5 
ft^/min)  for  15  minutes  to  remove  suspended  aerosols. 

Decontamination 

Decontamination  studies  were  performed  on  3  of 
the  FIINI -contaminated  FFRs,  with  the  other  3  FFRs 
serving  as  positive  controls.  Alternately  loaded  FFRs 
were  used  for  decontamination  studies,  to  reduce  pos¬ 
sible  effects  due  to  uneven  loading.  To  minimize  the 
loss  of  HlNl  viability  due  to  normal  environmental 
decay,  decontamination  studies  were  performed  im¬ 
mediately  after  the  loading  of  each  FFR.  The  control 
FFRs  were  incubated  at  room  temperature  for  the 
same  duration  as  the  FFRs  treated  by  the  decontamina¬ 
tion  technologies. 

For  MGS  (Fig  lA),  two  plastic  reservoirs  (4.5  cm  h  X 
12  cm  w  X  8  cm  1)  with  perforated  tops  (192  holes  of 
6  mm  diameter,  spaced  uniformly  over  the  entire  sur¬ 
face)  were  hlled  with  50  mb  of  tap  water  at  22°C-25°C. 
The  reservoirs  were  placed  together,  and  the  HlNl- 
contaminated  FFR  was  set  atop  the  center  of  the  assem¬ 
bly,  with  the  exterior  of  the  FFR  resting  on  the  surface 
of  the  reservoir.  The  reservoir  assembly  and  FFR  were 
loaded  into  the  center  of  a  1250-watt  microwave  oven 
and  irradiated  at  full  power  for  2  minutes.  After  treat¬ 
ment,  the  reservoir  was  replenished  with  fresh  tap 
water  (22°C-25°C),  and  the  next  FFR  was  processed. 

For  WMH  (Fig  IB),  a  6-L  sealable  container  (17  cm 
h  X  1 9  cm  w  X  1 9  cm  1)  was  filled  with  1  L  of  tap  water. 
A  plastic  support  rack  was  placed  in  the  water  to  isolate 
the  FFR  from  the  liquid.  Before  the  test,  the  container 


was  warmed  in  an  oven  to  65°C  ±  5°C  for  a  minimum 
of  3  hours.  The  container  was  removed  from  the  oven, 
and  an  HlNl -contaminated  FFR  was  placed  on  the 
rack.  The  containers  were  sealed  and  returned  to  the 
oven  for  30  minutes. 

For  UVGl  (Fig  1C),  a  120-cm,  80-W  UV-C  (254  nm) 
lamp  (Ultraviolet  Products,  Upland,  CA)  was  adjusted 
to  a  height  of  25  cm.  Output  from  the  lamp  was  mea¬ 
sured  using  a  radiometer  (Ultraviolet  Products).  The 
range  of  UV  Irradiation  to  which  the  FFR  was 
exposed  varied  from  1.6  mW/cm^  to  2.2  mW/cm^. 
The  exterior  surface  of  HlNl -contaminated  FFRs  was 
irradiated  for  15  minutes,  which  provided  an  average 
dose  of  18  kj/m^.  The  exposure  varied  over  each  FFR 
due  to  the  curved  shape  of  the  device. 

Virus  extraction  and  enumeration 

Four  circular  coupons,  38  mm  in  diameter,  were  cut 
from  each  FFR  using  a  sterile  metal  punch.  The  cou¬ 
pons  were  placed  in  a  50-mL  conical  tube  containing 
sfEMEM-p/s-g  medium,  comprised  of  15  mb  of 
serum-free  Eagle’s  minimum  essential  medium  (Hy- 
clone  baboratories,  bogan,  UT)  supplemented  with 
1  %  pen/strep  (Sigma  Aldrich,  St.  bouls,  MO)  and  1  % 
L-glutamine  (bonza  BioWhlttaker,  Walkersville,  MD). 
The  samples  were  mixed  for  20  minutes  at  maximum 
speed  using  a  multitube  vortex  mixer  (VWR  Scientific, 
West  Chester,  PA).  Viable  HlNl  in  the  extracts  were 
quantified  using  a  TCID50  assay  in  MDCK  cells  as  de¬ 
scribed  above.  To  maximize  sensitivity  of  the  assay 
the  entire  extract  for  each  decontaminated  sample 
was  analyzed.  The  extract  for  the  control  FFRs  was  se¬ 
rially  diluted  (1/10)  in  the  sf-EMEM-p/s-g  medium,  and 
all  dilutions  were  delivered  in  quadruplicate  into  the 
24-well  plates.  The  plates  were  incubated  for  4  days 
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Fig  3.  The  droplet  loader  device  used  to  apply  droplets  to  the  FFRs.  The  device  is  composed  of  a  stainless  steel  shell 
(60  cm  I  X  60  cm  w  X  90  cm  h).  Droplets  are  created  by  applying  compressed  air  to  an  air-atomizing  nozzle  that 
produces  a  droplet  at  the  source  \A^ith  a  CMD  of  —40  p,m.  Uniform  dispersion  of  the  droplets  onto  the  test  specimens 

is  achieved  by  rotating  the  samples  on  the  turntable  at  3  rpm. 


at  5%  C02/37°C  before  cytopathic  effects  were 
analyzed. 

Data  analysis 

The  Spearman-Karber  formula^®  was  used  to  deter¬ 
mine  the  concentration  of  viable  virus  per  mb  of 
extract  (L,  expressed  in  units  of  logioTCIDso/mL).  The 
following  equation  was  used  to  determine  the  total 
amount  of  virus  recovered  from  each  sample  (45.6 
cm^): 

virus  concentration/sample=Ls=L+logjo(V), 

where  V  is  sample  volume.  Log  reductions  were  calcu¬ 
lated  by  subtracting  the  average  for  the  decontami¬ 
nated  FFRs  from  the  average  Ls  for  the  control  FFRs. 
For  decontaminated  samples  that  yielded  no  detectable 
viable  virus,  we  assumed  the  average  number  of  live  vi¬ 
rus  In  the  samples  followed  a  Poisson  distribution  and 
calculated  the  upper  95%  confidence  interval.^*  Be¬ 
cause  the  entire  extract  of  the  treated  sample  was  as¬ 
sayed,  the  minimum  detection  limit  (MDL)  was 
1  TCID50  Infectious  dose  unit.  The  upper  95%  Cl,  as¬ 
suming  a  mean  of  <1  live  viruses  in  each  sample, 
was  3.47  (logio  =  0.55)  TCID50  infectious  dose  units; 
this  value  was  used  as  the  MDL.  Based  on  a  US  Environ¬ 
mental  Protection  Agency  guldellne,^^  half  of  the  MDL 
was  used  to  calculate  log  reductions  for  treated 


samples  that  had  no  detectable  virus.  The  95%  CIs  of 
the  log  reductions  were  calculated  using  standard 
equations."** 

RESULTS 

The  average  concentration  of  HlNl  virus  recovered 
from  the  untreated  FFRs  for  each  test  ranged  from  4. 1 
to  6.1  logio  TCID50  per  sample  (Table  1).  The  variability 
is  a  result  of  day-to-day  deviation  in  testing  and  does 
not  reflect  the  overall  consistency  of  the  method.  The 
average  SD  for  the  triplicate  untreated  samples  for  all 
36  tests  was  0.27  logioTCIDso,  similar  to  that  reported 
by  others."*^  All  3  energetic  methods  provided  an  aver¬ 
age  >4-log  reduction  of  viable  HlNl  influenza  virus 
against  both  the  droplet  and  aerosol  challenges  for  all 
6  FFRs,  with  the  exception  of  the  WMH  treatment  on 
the  PI  FFR  (Table  3).  Use  of  a  less  conservative  ap¬ 
proach  for  calculating  log  reductions  would  have 
yielded  higher  values.  In  all  but  8  FFRs  (7.4  % ),  the  virus 
was  reduced  to  levels  below  the  detection  limit. 
Data  are  not  shown  for  individual  FFRs;  Thbles  2  and 
3  provide  average  values  for  3  FFRs  per  test. 

Gross  physical  observation  of  the  FFRs  after  the 
WMH  and  UV  treatments  revealed  no  obvious  signs  of 
deterioration  or  deformation.  MGS  treatment  of  FFR 
S2  caused  a  slight  separation  of  the  foam  nose  cushion, 
which  was  also  reported  by  Viscusl  et  al.*"*  No  other 
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Table  2.  Recovery  of  viable  MINI  virus  from  untreated  and  decontaminated  FFRs  (logio  TCIDso  per  sample) 


Respirator* 

UVGl 

Untreated 

MGS 

Untreated 

WMH 

Untreated 

Droplet  application  of  H  1 N 1 

SI 

BDL 

4.35  ±  0.29 

0.39  ±  0.68 

6.33  ±0.13 

BDL 

5.77 

±  0.14 

S2 

BDL 

>5.68 

0.3  1  ±  0.53 

>5.68 

BDL 

6.85 

±  0.14 

S3 

BDL 

6.01  ±  0.29 

BDL 

5.51  ±  0.38 

BDL 

5.18 

±  0.25 

PI 

O.SS  ±  0.48 

5.35  ±  0.29 

BDL 

5.01  ±  0.38 

BDL 

4.10 

±  0.14 

P2 

1.37  ±  0.05 

5.85  ±  0.29 

BDL 

6.10  ±  0.38 

BDL 

6.10 

±  0.38 

P3 

BDL 

5.26  ±0.14 

0.26  ±  0.44 

5.93  ±  0.25 

BDL 

5.18 

±  0.25 

Aerosol  application  of  H 1 N 1 

SI 

BDL 

5.35  ±  0.14 

BDL 

4.51  ±  0.29 

BDL 

5.35 

±  0.14 

S2 

BDL 

4.60  ±  0.76 

BDL 

4.68  ±  0.00 

BDL 

4.93 

±  0.25 

S3 

BDL 

4.56  ±0.18 

0.62  ±  0.56 

5.43  ±  0.25 

BDL 

4.93 

±  0.50 

PI 

BDL 

4.93  ±  0.25 

BDL 

5.10  ±  0.14 

BDL 

4.85 

±  0.14 

P2 

BDL 

5.26  ±  0.38 

BDL 

5.5 1  ±  0.29 

BDL 

4.76 

±  0.14 

P3 

BDL 

5.10  ±  0.52 

BDL 

5.35  ±  0.38 

BDL 

5.60 

±  0.14 

BDL,  below  detection  limit  (I  TCID50  infectious  dose  unit). 

*S,  NIOSH-  and  FDA-approved  N95  surgical  FFR;  P,  NIOSH-approved  N95  particulate  FFR. 


Table  3.  Effectiveness  of  the  decontamination  methods  in  inactivating  viable  MINI  virus  on  FFRs  (log  reduction) 


UVGl 

MGS 

WMH 

Respirator* 

Mean 

95%  Cl 

Mean 

95%  Cl 

Mean 

95%  Cl 

Droplet  application  of  H  1 N 1 

SI 

4.08 

3.36-4.80 

5.94 

5.61-6.27 

5.50 

5.15-5.85 

S2 

5.41 

5.41-5.41 

5.37 

5.37-5.37 

6.58 

6.22-6.94 

S3 

5.75 

5.03-6.46 

5.25 

4.30-6.20 

4.91 

4.29-5.54 

PI 

4.79 

4.08-5.51 

4.23 

3.29-5.18 

3.32 

2.96-3.68 

P2 

4.48 

3.76-5.19 

4.67 

3.72-5.62 

4.67 

3.72-5.62 

P3 

5.00 

4.64-5.36 

5.67 

5.05-6.29 

4.91 

4.29-5.54 

Aerosol  application  of  H 1 N 1 

SI 

5.08 

4.72-5.44 

4.25 

3.53-4.96 

5.08 

4.72-5.44 

S2 

4.33 

2.43-6.22 

5.41 

5.41-5.41 

4.66 

4.04-5.29 

S3 

4.29 

2.70-5.88 

4.81 

4.19-5.43 

4.66 

3.42-5.91 

PI 

4.66 

4.04-5.28 

4.83 

4.47-5.19 

4.58 

4.22-4.94 

P2 

5.00 

4.05-5.95 

5.25 

4.53-5.96 

4.50 

4.14-4.86 

P3 

4.83 

3.54-6.12 

5.08 

4. 1 3-6.03 

5.33 

4.97-5.69 

*S,  NIOSH-  and  FDA-approved  N95  surgical  FFR;  P,  NIOSH-approved  N95  particulate  FFR. 


FFRs  showed  noticeable  deterioration  or  deformation, 
and  no  arcing  in  the  microwave  was  observed  during 
treatment. 

DISCUSSION 

A  unique  feature  of  the  present  study  is  the  con¬ 
trolled  contamination  of  FFRs  with  FllNl  influenza  us¬ 
ing  aerosol  methods,  which  provide  a  radically 
different  challenge  from  solution-based  tests,  which  re¬ 
quire  dilution  of  the  virus  in  a  large  volume  of  water.  As 
droplets  form  during  aerosolization,  they  begin  to  dry 
and  form  droplet  nuclei.  As  evaporation  proceeds, 
viruses  are  coated  with  protective  components  from 
the  aerosolization  medium;  these  components  can  pro¬ 
tect  the  virus  from  some  decontamination  technolo¬ 
gies.  In  the  droplet  challenge,  the  droplets  do  not  dry 
completely,  but  land  on  surfaces  as  small  droplets 


that  dry  eventually.  Solution-based  assays  are  per¬ 
formed  by  simply  dosing  a  substrate  with  a  given  vol¬ 
ume  of  suspended  virus.  These  tests  are  easier  to 
perform  on  hydrophilic  surfaces,  and  we  have  not  at¬ 
tempted  to  demonstrate  that  decontamination  results 
will  vary  between  liquid  and  aerosol  deposition 
methods.  However,  given  the  scrutiny  surrounding 
the  overall  goal  of  the  present  study,  we  considered  aer¬ 
osol  and  droplet  contamination  methods  to  be 
necessary. 

No  detectable  viruses  survived  the  WMH  treatment 
in  the  droplet  nuclei  and  droplet  tests  (Table  2).  In  con¬ 
trast,  sporadic  viable  viruses  were  detected  after  the 
UVGl  and  MGS  treatments  (Table  2).  The  reason  for 
this  discrepancy  likely  can  be  traced  to  the  technolo¬ 
gies’  modes  of  action.  The  WMH  technology  provides 
a  stable  environment  that  is  homogeneously  distrib¬ 
uted  to  the  entire  surface  of  the  FFR,  The  MGS  method 
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delivers  steam  to  the  FFRs  from  beneath,  likely  provid¬ 
ing  a  nonuniform  distribution.  Moreover,  the  distribu¬ 
tion  of  microwave  energy  in  the  oven  was  not 
mapped.  Zhang  et  al^^  reported  inconsistent  disinfec¬ 
tion  of  microwave-treated  surfaces.  Optimization  and 
rotation  of  the  water  reservoir  holder  likely  will  mini¬ 
mize  or  eliminate  this  concern.  Increasing  steam  pro¬ 
duction  also  might  be  helpful.  In  the  present  study, 
20%  of  the  water  was  transformed  into  steam.  Increas¬ 
ing  the  treatment  time  or  decreasing  the  amount  of  wa¬ 
ter  in  the  reservoirs  might  increase  steam  production. 

The  UVGI  treatment  effectively  inactivated  the  H INI 
virus  applied  to  FFRs  as  either  droplets  or  aerosol  par¬ 
ticles  (Tables  2  and  3).  Vo  et  al^'  reported  similar  results 
using  MS2  coliphage,  finding  inactivation  of  this  coll- 
phage  on  internal  FFR  layers.  For  the  aerosol  challenge, 
the  average  log  reduction  was  4.69,  and  the  virus  was 
reduced  to  values  below  the  detection  limit  for  all 
6  FFR  models.  The  average  log  reduction  for  the  droplet 
challenge  was  4.92.  The  larger  measured  log  reduction 
is  an  artifact  of  the  higher  loading  concentration.  The 
two  instances  in  which  viable  virus  was  recovered 
can  possibly  be  attributed  to  shielding,  but  the  method 
tested  was  not  optimized,  and  the  small  viable  popula¬ 
tions  found  should  not  disqualify  UVGI  as  an  effective 
method  for  decontaminating  FFRs. 

Two  of  the  3  decontamination  methods  tested  left 
trace  amounts  of  virus  on  the  FFRs.  Optimization  of 
treatment  likely  would  decrease  these  levels,  but  even 
the  possibility  of  trace  virus  may  pose  a  risk  to  the 
wearer.  For  evaluation  in  a  given  situation,  this  risk 
must  be  factored  into  the  operations  in  which  the  de¬ 
contamination  and  reuse  of  FFRs  will  be  Implemented. 
The  use  of  these  methods  should  be  considered  only  in 
the  dire  circumstance  when  no  other  respiratory  protec¬ 
tive  device  is  available;  that  is,  either  wear  a  decontami¬ 
nated  FFR  or  wear  no  FFR.  Another  factor  to  consider 
when  assessing  risk  is  that  the  actual  amount  of  agent 
contaminating  an  FFR  in  a  pandemic  setting  generally 
will  be  much  less  than  applied  in  these  tests.  We 
performed  these  decontamination  tests  at  extreme 
challenge  levels  to  ensure  that  we  could  measure  the 
target  4-log  reduction. 

All  3  energetic  decontamination  methods  evaluated 
in  this  study  provide  practical  solutions  that  can  be 
implemented  in  many  settings.  WMFI  is  the  most 
time-intensive  method  and  may  be  useful  only  for 
home  use  or  use  by  small  organizations.  MGS  is  the 
least  time-intensive  method  and  requires  only  a  simple 
FFR  holder/water  reservoir.  The  simplicity  of  the  tech¬ 
nique  and  the  ready  availability  of  microwave  ovens  fa¬ 
vor  this  technology  for  use  in  the  home  and  by  small 
organizations.  The  dimensions  of  the  reservoir  matter; 
greater  volumes  of  water  take  more  time  to  produce 
steam.  End  users  also  must  be  cognizant  of  the  power 


delivered  by  the  microwave  oven.  Although  UVGI  is 
the  least  invasive  of  the  3  methods  and  is  readily  scal¬ 
able  to  meet  the  needs  of  larger  organizations,  it  relies 
on  a  hazardous  light  source,  which  might  be  prohibited 
for  home  use.  Flowever,  the  cost  of  the  device  could  be 
easily  absorbed  by  most  organizations  even  if  multiple 
UVGI  sources  are  needed  to  meet  their  demand.  Many 
types  of  UVGI  systems  are  currently  used  in  hospitals 
for  air  purification,  biological  safety  cabinets,  and  sur¬ 
face  sterilization.  Adapting  such  systems  for  decontam¬ 
ination  and  reuse  of  FFRs  could  be  a  low-cost  option 
for  hospitals,  and  organizations  purchasing  UVGI  sys¬ 
tems  for  other  applications  might  want  to  select  de¬ 
signs  that  can  be  used  for  decontamination  of  FFRs 
as  well. 

All  3  decontamination  technologies  effectively  de¬ 
contaminated  the  MINI  virus  deposited  on  FFRs  as 
either  aerosols  or  droplets.  The  aerosols  and  droplets 
were  designed  to  mimic  human  respiratory  secre¬ 
tions,  but  it  is  Important  to  note  that  significant 
data  gaps  exist  in  terms  of  the  characteristics  of  drop¬ 
let/particle  size  and  composition  of  fluids  excreted  by 
symptomatic  individuals.  An  increase  in  mucus  con¬ 
centration  and  the  addition  of  other  components 
due  to  secondary  infections  might  increase  shielding 
and  reduce  the  effectiveness  of  some  decontami¬ 
nants.  More  data  are  needed  on  respiratory  secretions 
produced  during  various  states  of  Infection.  Other 
modes  of  FFR  contamination,  Including  direct  contact 
and  contamination  with  infectious  bodily  fluids,  merit 
study  as  well. 

Notwithstanding  the  findings  of  this  MINI  decon¬ 
tamination  study,  other  factors  must  be  considered 
before  FFR  decontamination  and  reuse  can  be  recom¬ 
mended.  Salter  et  al‘^  reported  that  chemical  offgass¬ 
ing  is  not  a  concern  for  the  3  energetic  methods  that 
we  studied,  and  other  studies  have  found  that  none 
of  the  3  methods  significantly  affects  the  particle  fil¬ 
tration  efficiency  of  the  6  FFR  models  that  we  used  in 
this  study. Fit  factor  is  another  concern.  All  3 
decontamination  methods  provided  acceptable  fit 
factors  after  decontamination  of  all  6  FFR  models 
(R.E.  Shaffer,  personal  communication,  November 
16,  2009). 

The  principal  limitation  of  this  study  is  that  we  eval¬ 
uated  only  6  out  of  the  hundreds  of  FFR  models  avail¬ 
able.  We  acknowledge  this  limitation  and  recommend 
evaluating  additional  FFRs.  In  addition,  although  this 
study  has  produced  a  large  body  of  replicated  data,  reg¬ 
ulatory  bodies  typically  require  many  more  replicate 
measurements  to  build  confidence  in  the  methods. 
Nonetheless,  we  are  optimistic  that  our  evaluation  of 
these  energetic  methods  may  help  lead  to  solutions  to 
mitigate  a  shortage  of  FFRs  caused  by  pandemic 
influenza. 
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